1 In this paper, the transmission scheme for the high speed railway (HSR) communication systems in the presence of Doppler shift is investigated. A fair transmission scheme based on sectored beams, in which there is little variation in the received signal-to-noise ratio (SNR), is proposed. An optimization problem for the beam design is formulated to maximize the expected average power within the beam coverage range with limited variation in the instantaneous received power in different locations. Through numerical results, the proposed transmission scheme is shown to achieve fair performance along the time. Overall, a location-fair solution for improving the fairness of the HSR communication systems is provided.
I. INTRODUCTION
The booming development of high speed railway (HSR) in recent years, especially in China, triggers a rapidly growing demand of high-quality wireless communication in high mobility scenario, where the Doppler effect is prominent. Consequently, how to provide stable information transmissions to the users on the high-speed train is an important problem [1] . In fact, HSR has been viewed as an important scenario in the next generation (5G) communication systems to provide a variety of services for users on the high speed train (HST) such as online shopping, social networking and video watching. When the number of antennas is small, Discrete Fourier transform (DFT) based precoding scheme in which the precoding vector is selected from the DFT matrix is usually adopted for data transmissions in high speed scenario. For instance, the fourth generation long term evolution advanced (4G LTE-Advanced) systems are designed to provide functional services up to 350 km/h with the transmission mode (TM) 2 or 3 based on DFT vectors [2] . This is generally due to the broad beam associated to the small antenna number.
In the future 5G system, massive MIMO systems formed by equipping a large number of transmit antennas at the base station (BS) have been identified as a promising technique to address the challenges in 5G [3] , [4] . Generally, a large number of antennas may result in narrow beams [17] , and hence is susceptible to the Doppler effect in the high mobility scenario. Designing appropriate beamforming schemes in high mobility scenario have attracted the interest of many researchers (see e.g., [5] - [9] and references therein). For instance, in [5] , the authors have proposed a transmission scheme to track the instantaneous channel side information (CSI) and designed a beamforming scheme based on the tracked CSI in massive MIMO HSR communication systems. The authors have shown that the proposed transmission scheme can increase the achievable rate, although the training cost and complexity of the system is considerable. In [7] , the authors have analyzed the tradeoff between the beamwidth and directivity in the massive MIMO HSR communication systems, where the umbrella like beams are generated [6] . Nevertheless, the beamforming gain is assumed to be constant within each beam, and as a result the received signal-to-noise ratio (SNR) at the receiver fluctuates very fast with the location of train. This on the one hand will result in low fairness along the time [10] . On the other hand, frequent exchange of channel quality indicator (CQI), which dictates the modulation and coding scheme employed for data transmissions (see [2, TR 36.211]), would be required for the proposed transmission scheme.
In this paper, we consider the fairness in the HSR communication systems with a large number of antennas at the BS. Note that constant rate transmission achieves the best fairness while throughput maximization policies generally results in regions out of service, i.e., zero transmission rate [10] or large bit error rate (BER) [6] , along the railway. In this work, we design a transmission scheme based on sectored beams such that received SNR is stable within each beam in the presence of the path loss and Doppler effect. Through numerical evaluations, we validate the effectiveness of our proposed transmission scheme.
The rest of this paper is organized as follows. Section II briefly introduces the system model. Section III discusses the main results on the proposed beamforming scheme with stable received SNR in each beam. Numerical results are given in Section IV, while Section V concludes this paper.
II. SYSTEM MODEL
In order to avoid the large penetration loss, the HSR communication systems adopt a transmission structure as shown in Fig. 1 . To elaborate on this, a mobile relay (MR) is installed on top of the carriage such that the information packet from the BS is first delivered to the MR and then forwarded to the users inside the train through the access point (AP) inside the carriage. In this way, a high transmission quality between the mobile terminal and the AP can be expected due to the low mobility in the carriage. Therefore, improving the performance of the link between BS and the MR is the key to the whole transmission.
A. Large Scale Fading Model
In HSR scenario, plain and viaduct occupy more than 80 percent [11] , which makes the line-of-sight (LOS) dominant and the angular spread (AS) around the BS is relatively tight. According to [12] , Uniform Linear Array (ULA) gives superior performance in HSR scenario, in this paper we consider a MISO HSR communication system with M -elements ULA antennas at the BS and single antenna at the MR.
Let h(θ) denotes the downlink steering vector towards the spatial frequency θ = sin (ϕ) ∈ (−θ 0 , θ 0 ) with ϕ ∈ (−ϕ 0 , ϕ 0 ) representing the angle of departure 2 ,
where
T denotes the transpose of a matrix, λ is the wavelength of the carrier and ∆ is the antenna element spacing. As shown in Fig. 1 , d s denotes the half of rail length covered by BS, thus
with the minimum distance from the bottom of BS to railway d 0 , R denotes the distance between MR and top of the BS when the train is at the farthest point O on the railway, and h BS and h tr denote the antenna height at the BS and train, respectively.
We adopt a normalize free-space path loss model for the link between the BS and the MR and we expressed it as a function of distance d(θ) between the BS and the MR:
. When the MR is located in the direction θ with respect to the BS, d(θ) can be expressed as
Thus, the large scale fading can be expressed as
where τ is the path loss exponent and usually τ ∈ [2, 5], G c denotes the total constant antenna gain and we set G c = 1 here.
B. Small Scale Fading Model
The Doppler effect will be considered in this model. Doppler shift is related to the velocity of mobile device and angle between reception radio wave and moving direction. Note that when the velocity fluctuates, the performance is generally degraded [13] . Since the total time of train passing through one BS is very short, we deem that the velocity v of the train is constant within one BS. When the train is located in the spatial frequency θ with respect to the BS, the Doppler shift of the MR can be expressed as where α is the angle of the received signal from the BS relative to the moving direction
, t is the moving time of train when we take the point O in Fig. 1 as t = 0 point. Note that in most of the prior works, Doppler shift is generally assumed to be removed through certain algorithms with cost in channel resources and complexity [9] . In this work, we design a fair transmission scheme along the time in the presence of Doppler shift.
C. Transmission Model
In this work, we only consider the link between the BS and the MR and focus on the beamforming strategy. With beamforming vector w ∈ C M ×1 at the BS, the received signal at the MR is given by
where P denotes the transmit power of the BS, [·] H is the Hermitian transpose of a matrix, θ indicates the location of the train at time slot t, f d (θ) represents the Doppler shift at the location θ, c(θ, f d (θ)) is the channel between the BS and MR, s(t) ∼ CN (0, 1) is the intended information signal with unit power, and z(t) ∼ CN (0, σ 2 ) is the additive white Gaussian noise (AWGN). Considering the Doppler shift, we know that [9] 
where ⊙ denotes the Hadamard product of two matrices,
is the phase change due to the Doppler shift, and T s is the sampling interval. The SNR at the MR is then given by
Remark 1: Note that Doppler shift introduces phase change of the received signal from each antenna, which can be interpreted as beam squint, i.e., the actual beamforming direction deviates from the desired direction. The idea of this work is
III. LOCATION-FAIR TRANSMISSION SCHEME
As the train quickly passing through the coverage area of BS, the path loss varies greatly, which results in quite low SNR when the train is located in the edge area of the BS coverage. In this paper, we propose a beamforming strategy that can achieve little variation in the received SNR, thus achieving good fairness along the time. In addition, the CQI feedback of the transmission scheme can be much less frequently as well.
A. The Beam Structure
Generally, it is difficult to acquire the instantaneous channel state information (CSI) in HSR communications and the Doppler shift is also difficult to estimate correctly [9] . However, the location of railway is trackable and predictable. Note that given the MR location information θ, d(θ) can be computed from (2). Assume that the spatial frequency coverage Θ = (−θ 0 , θ 0 ) of the BS is achieved via N separate beams as shown in Fig. 1(b) . Then, the spatial beamwidth of each beam becomes ϑ = 
B. Beam Generation
Note that we would like to design beamforming vectors based on the location information θ, which can achieve stable performance within the coverage in the presence of Doppler shift. When the MR is in the beam spatial range Θ i , the instantaneous received power without considering the Doppler shift for the MR
should be stable in a small range. The average received power P I in the beam covering Θ i is given by
We would like little variation in the received SNR for the whole range of θ ∈ Θ i . Meanwhile, considering only one receiver in the scenario, the average radiated power outside the coverage Θ i
should be limited for large power efficiency. Obviously, it can be expected that when the beamwidth ϑ is relatively large, the received SNR can still be stable in the presence of Doppler shift.
To summarize, we consider a beamforming design that maximizes the average received power P I subject to the instantaneous received power and P o shaping constraints.
Mathematically, the optimization problem can be formulated as:
where ε indicates the strength of the ripples within the beam range in dB and γ is some value satisfying (12e) and e is a adjustable restriction parameter. Constraint(12c) is to ensure that the received power outside the beam range is non-negative.
Remark 2: Note that we take into account the path loss in the optimization problem. Thus, the generated beam pattern of the beamforming vectors will be related to the distance between the BS and the MR. The performance deterioration introduced by variation of path loss is eliminated and the MR can received fair SNR performance during the whole time.
It is observed that problem (12) can't be solved directly. Analysis found that the formulation (9) can be written as
is a Toeplitz matrix, and its elements compose the following vector
where α m (θ) = e −j2πm( ∆ λ θ) . Then (13) can be rewritten as,
and we have
With the above definitions, we can express (10) and (11) as
C. Beam Selection
Because the railway is fixed, we can obtain the each beam in advance at the BS. Now, the whole wapper of each beam directed to diverse locations on the railway can be expressed as
When the train entrances the coverage of one BS, the instantaneous location information θ of train can be acquired by Global Positioning Systems, accelerometer and monitoring sensors along the railway [7] . Note that with the generated beams, the received SNR varies little within the coverage of one beam, thus significantly decreasing the necessity for frequent feedback of CQI. In this way, the cost and complexity of the downlink data transmission in the HSR communication systems can be significantly reduced. Also, the proposed transmission scheme can achieve good fairness along the time.
IV. NUMERICAL RESULTS
In this section, we evaluate the proposed transmission scheme in the presence of Doppler shift in HSR communication systems. We assume that the BS is equipped with M = 64 ULA antennas with half-wavelength ∆ = λ/2 spacing between adjacent antennas. Other parameters for numerical evaluations are summarized in Table I . We compare the proposed scheme with DFT-based scheme, in which the specific DFT beamforming vector covering the direction θ is selected for data transmission. Note that for a large number of antennas at the BS, the beams generated by DFT beamforming vectors are generally narrow. We are interested in the outage probability, which is defined as probability that the received SNR is less than certain threshold, i.e., P out = Pr{SNR < x}. In Fig. 2 , we plot the outage probability for the different schemes. We can find that the proposed transmission scheme can achieve much better performance than the DFT-based one for small P out . For example, at P out = 10 −3 , the proposed transmission scheme with N = 1, 2 achieve around -30 dB in the received SNR while around -70 dB for the DFT-based one. Also, we can find that the scheme of smaller N can achieve better performance. This is generally due to the fact that as N increases, the coverage of each beam becomes smaller and hence is more vulnerable to the Doppler effect.
The mobile service performance S(t) = ∫ t 0 B log 2 (1 + SNR(t))dt also verifies the above conclusion. In Fig. 3 , the mobile service for different schemes are presented. It is clear that the gradient of the " DFT" curves changes very fast, while the gradient of "1 beam" and "2 beams" is almost constant, and the gradient of "2 beams" is larger than that of "1 beam". Therefore, the "2 beams" is the optimal scheme for achieving fairness performance.
V. CONCLUSION In this paper, we have studied the HSR communication systems with a large number of antennas at the BS in the presence of Doppler shift. We have proposed a transmission scheme based on location-fair beamforming strategy that can achieve stable performance within the coverage of each beam. We have formulated an optimization problem that maximizes the average received power within the beam range with little fluctuation in the received power while minimizing the radiated power in other directions. We have shown that our proposed beam scheme can achieve very stable performance in the presence of Doppler shift. We have also demonstrated that there is an optimal value of the number of beams providing coverage of the BS to achieve the best performance.
